Abshact -Ocean radar backscatter in the presence of large waves is investigated using data acquired with the Jet Propulsion Laboratory NUSCAT radar at K. band for horizontal and vertical polarizations and the University of Massachusetts C-SCAT radar at C band for vertical polarization during the Surface Wave Dynamics Experiment. Backscatter 1 Presently on assignment at NOAA Environmental Technology Laboratory, Boulder, CO 2 data of ocean surfaces was obtained in the presence of large waves with significant wave height up to 5.6 m, In moderate-wind cases, effects of large waves are not detectable within the measurement uncertainty and no noticeable correlation between backscatter coefficients and wave height is found. Under high wave light wind conditions, backscatter is enhanced significantly at large incidence angles with a weaker effect at small incidence angles. Ba&catter coefficients in the wind speed range under consideration are comp~ed with model results which confirm the experimental observations. Variations of the friction velocity, which can give rise to the observed backscatter behaviors in the presence of large waves, are presented.
speeds, Donelan and Pierson [4] indicate that a swell traveling at a large angle oblique to the wind direction can have an important impact on scatterometry. This is the case especially for light wind and low incidence angles because the backscatter extrema are not necessarily in the local wind direction, At larger incidence angles, this model suggests that the large-wave effects diminish because the contribution of specular backscatter becomes less important as compared to the Bragg contribution for the short wave part of the composite spectrum. Plant [5, 6] applies the principle of the conservation of wave action to modeling the interactions between long and short waves on the water surface by using a hydrodynamic modulation transfer function, This model indicates that the longwave properties can also affect the normalized radar cross section of the ocean through the second-order effects of short-wave tilting and hydrodynamic modulation. In the calculation of backscatter coefficients in this model, however, the long and short waves are assumed to be local wind generated, and therefore the direction of these waves are aligned.
Experimentally, tower based measurements at L-and KU-band frequencies [7] have been made to study the radar dependence upon ocean waves. Horizontally polarized backscatter data at L band were taken at incidence angles of 35° and 45°, and azimuthal angles from 225° through North to 60°. Vertically polarized K.-band data were collected only at 45° incidence angle, with azimuthal angles limited to 300° to 360°. Most of the long waves encountered during this experiment were not generated by the local wind. At lower wind speeds, these measurements suggest that radar cross sections may be slightly lowered when long waves propagate at a large angle to the wind. At the C band frequency of 5.3 GHz, airborne measurements [8] were obtained for radar cross section as a function of wind speed. The data seem to indicate that the upwind/crosswind ratio is the largest when the wind blows in the wave direction, The implications of these experiments are tentative and need further data for their confirmation.
This paper presents a case study of radar backscatter from the ocean surface at KUand C bands in the presence of large waves. The data was acquired during the Surface Wave 4 Dynamics Experiment (SWADE) in 1991 when two airborne scatterometers were flown together on the NASA Ames C130B aircraft: NUSCAT, a K.-band scatterometer developed at the Jet Propulsion Laboratory (JPL), and C-SCAT a C-band scatterometer developed at the University of Massachusetts (UMass). The plane flew over an instrumented oceanic area off the U.S. East coast near 37° North latitude and 74° West longitude. Backscatter coefficients obtained on 4 March, 1991 in the presence of swells with SWH as high as 5.6 m are compared with data at lower SWH under similar wind conditions. Wind speeds were in both moderate and light wind ranges, Although the observations were limited to a naxrow set of conditions, they represent a quantitative evaluation of the variation in the radar cross sect ion in the presence of large waves at two different radar frequencies. In addition, several buoys measured atmospheric and oceanic parameters, another airborne radar acquired directional wave spectra, and a ship was deployed to make measurements including friction velocities. The backscatter measurements are also compared with calculations from empirical and theoretical models.
Section 11 below shows the data sets selected for this study and the results for ob servations of radar backscatter in the presence of large waves and section 111 compares the experimental measurements with model results. The appendix describes in details the NUSCAT and C-SCAT scatterometers, the SWADE location, the experimental scenario, the directional wave fields, and sea surface temperature effects.
II. RADAR OBSERVATIONS IN THE PRESENCE OF LARGE WAVES

A, Data Selection
A specific scatterometer data set was chosen from the SWADE data base in which the SWH was high and was compared with data sets taken at lower SWH to evaluate the effects of large waves. The criteria for the data selection were: (1) the measurements had the same polarization and incidence angle, (2) the wind speeds for these cases were 5 close ( ~ 1 m " s-l difference), (3) the backseat ter data were collected at the location nearest to the buoy in question, and (4) Gulf Stream boundary crossings with potential complications in the ocean conditions were avoided. These criteria were chosen to isolate cases with high and low SWH while the other scatterometer and oceanic parameters were as similar as possible, As table Al and figures A4 and A5 in the appendix show, large significant wave heights occurred predominantly during flight 5 on 4 March, 1991. Data sets collected under high SWH conditions were selected first, and then corresponding cases with low SWH were chosen using the criteria listed above. Table A 1 indicates that the ocean conditions measured by the buoys at different locations can be quite different. This suggests that the winds were very inhomogeneous spatially. This was especially true of the data collected at buoy A, where several cases of light to very low winds were observed.
Since this buoy was in the cold, shallow, near shore waters where the ocean conditions were quite different from the other buoys, none of this data was used. In general, the low SWH cases used for comparison came from flight 9 for moderate wind speed cases, and flight 6 for low wind speed cases.
The wind speeds for the high and low SWH cases were, in general, not exactly the same, and since the normalized radar cross section of the ocean is strongly dependent upon the wind, a scheme was developed to account for the wind difference. Consider a case with low SWH where the wind speed is close but not the same as the wind in a case with high S WH. Denote the measured backseat ter coefficients by ufi"H for horizontal polarization and of?$ for vertical polarization. The subscript, PP = HH or VV, is the transmit ted and received polarization. The superscript, 4, represents low S WH conditions, Define U$B(19.5) to be the neutral wind speed at 19.5 m derived from the co-located buoy wind measurement. The subscript, N, stands for neutral wind speed which is derived from the buoy measurement using the formulation by Large and Pond [9] . Similarly, U~B (19, 5) represents buoy derived neutral wind speed during high SWH, Since, the wind measurements from the buoys are available only on an hourly basis, we linearly interpolated 6 the data to provide a continuous set for comparison, The selected radar measurements were within 25 minutes of the actual buoy wind measurements.
The backseat ter coefficients, o$~ and o~~, are calculated by applying the derived neutral wind speeds to the SASS-II model function [10, 11] . The difference Aapp (1) is added to the measured backscatter coefficient u$?j! , to adjust this measurement to the wind conditions corresponding to the high SWH case. The new value is referred to as the adjusted backscatter coefficient and is expressed as U;(!P = u;y +-Au pp
(2)
These adjusted cross section measurements were then used to study the efFects of swells on the radar backscatter. This normalization method involves incremental differences in the wind speeds and the normalized radar cross section estimates. Thus, the adjusted backscatt er coefficient, o$~p, is not very sensitive to cross-calibrations between SASS and NUSCAT. In addition, if the compared data sets include only in-situ wind measurements from the same buoy, the results will depend only on relative rather than absolute calibrations of the buoy instruments.
B, Large Waves and Moderate
This section investigates
Winds the effects of long waves with large SWH on the radar backscatter during moderate wind conditions. In this case, the SASS-II geophysical model function predictions agree with the adjusted results. In addition to these data sets, we also compared low and high SWH data sets at other incidence angles. We have adopted the following approach to present the results in a concise manner. Wind estimates were obtained from the observed NUSCAT results by fitting the SASS-II model function to the data. These estimates are referred to as the apparent neutral wind speed, U~A ( 19.5) and U~A ( 19.5) . The superscripts 4 and h signify low or high SWH conditions, respectively, Again, to account for the slight differences in actual wind speeds between the low and high SWH data sets, U\A(19.5) is adjusted for the difference. The adjustment is obtained by the difference in the buoy wind measurements:
where the argument (19.5) has been dropped to simplify the expression. These differences were used to adjust the apparent wind, obtained by fitting NUSCAT measurements to SASS-II, for the low SWH data to the wind conditions of the high SWH data. The result will be referred to as the recovered apparent wind U$A for low SWH conditions and is given as U;R = U;A + AU;
The two apparent winds, UfiR and U~A, are then compared to evaluate quantitatively the influence of large waves on radar ba.ckscat ter during moderate winds, Table 1 We compared additional C-SCAT data sets at 20°, 30°, 40°, and 50° incidence angle. This plot demonstrates no significant change in the magnitude of the average backscatter coefficient at C-band with SWH for moderate winds.
C. Large Waves and Light Winds
During SWADE, a couple of flights occurred during light wind conditions. The SWH varied from 1.7 m to 3,4 m for these data sets. Applying the same criteria defined in section II,A to these data, we investigated the effects of large waves on the radar backscatter for The comparison data, selected after the criteria in 11.A, were backscatter measurements at horizontal polarization for incidence angles from 20° to 50° for NUSCAT and at vertical polarization for incidence angles in the same range for C-SCAT. Tables 2 and   3 Figure   8b shows the principal directions of the peak wave components obtained from the NDBC directional wave spectrum measurements. The wave direction is defined as the angle from North to the direction to which the wave propagates, The wave data from the buoy are measured from minute 28 to 48 each hour, The average is plotted at minute 38 before the hour. The other wave data points correspond to time-interpolated buoy data over the scatterometer time.
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As figure 8a and figure A4a show, the wind speed at Discus C dropped quickly at the beginning of the flight to a light wind speed, and then began to increase during the flight. Coast al Buoy 2 shows similar conditions. The apparent winds in figure 8a are higher than the average winds, implying that the observed backscatter is higher than the model function estimates for the given buoy wind. Both the apparent wind and the average wind follow the same trend, They drop in the beginning of the flight and then increase slightly towards the end. In the latter part of the flight, the apparent wind becomes closer to the average wind, The direction of the apparent wind, shown in figure 8b, appears to be difierent from both the average wind direction and the principle wave direction. Towards the end of the flight, the apparent wind direction appears to be closer to the average wind direction. For the times shown, the peak wave direction was between 340° to 360° and the SWH was between 3 and 4 m .
For light winds, the data presented in this section indicate that ocean radar backscatter is larger in cases of high waves especially at larger incidence angles. These observations were seen in both KU-band and C-band backscatter while similar ocean conditions were measured by two nearby buoys Discus C and Coastal Buoy 2 (see figure A4 ).
III. COMPARISONS WITH MODELS
The experimental measurements obtained by NUSCAT and C-SCAT are compared with calculated results from empirical models such as SASS-II [10, 11] for KUband, CMOD3-H1 for C band [12] , and a theoretical model [5, 6] for both frequencies. models. Plant's model for both frequencies gives backseat t er which is even lower than the other two models,
A mechanism for large wave effects on backscatter is the superposition of a largescale roughness caused by swells on the wind-generated roughness. Durden and Vesecky
[3] estimated that a large magnitude swell of 16 m in SWH or 4 m in root-mean-square height with a 300-m wavelength could cause 4.5 to 3 dB increase in K.-band horizontal backscatter at 20° and only 1,5 to 1 dB at 50° for wind speeds at 5 to 10 m,s-l. In the same wind speed range, an increase of 6-4,5 dB at 20° and 3-1,5 dB at 50° incidence angle was obtained for L-band backscatter. This model predicts that the effects of swells decreases as the incidence angle increases because at small incidence angles, the backscatter is partly due to specular return; while at large incidence angles, specular return is negligible, This wave superposition mechanism predicts a trend with incidence angle different from that 13 observed in the data.
Another potential mechanism that contributes tothebackscatteris wave breaking.
Phillips and Banner [13] showed that long waves moving across the surface can augment the surface drift near the long-wave crests; consequently, the maximum amplitude of the short waves before breaking is reduced and the number of waves breaking is increased.
In the results shown in [14] , the backscatter due to wave breaking was suggested to be directly related to the cubic magnitude of the friction velocity and therefore increases as the friction velocity increases. The backscatter measurements in this paper, however, show the opposite trend,
Ocean radar backscatter has been suggested to be closely related to the friction velocity, u. [15] . Let's consider the variations in u. in the presence of swells measured during SWADE. The Small Water Pkme Area -Twin Hull, SWATH, ship Rederick G.
Creed was chartered and equipped to perform measurements, including u*, in support of SWADE [16] . For the above large-wave cases, the flight lines did not pass over the temporal or spatial vicinity of the SWATH ship; therefore, co-located measurements of U* were not available to correlate with the scatterometer observations. Instead, UX measurements in the presence of large swells are evaluated for a qualitative comparison. Tables 4 and 5 show the times, locations, atmospheric and oceanic parameters for these cases. give rise to a 3.5-dB increase in OHH at 30° and a 4.5-dB increase at 50° incidence angle at light wind conditions. For the same magnitude of increment in U* at moderate winds, the change in the backscatter is less significant (uHH varies only by 1.5 dB) compared to the case of light winds as seen in figure 10 . These backscatter in the presence of swells.
Another trend in the observed backscatter for results follow the observations of the the swell cases is that the increase in the backseat ter is less at small incidence angles (see figure 7) . At the small angles, ocean backseat ter coefficients measured by scatterometers [8, [18] [19] [20] become less sensitive to wind variations. Moreover, in the power-law model function relating mean backscatter to U* [17] , the exponent of u. for 30° incidence angle is about 20% less than that for 50°, Hence, the increase in U* will result in a weaker increase in the backscatter at small angles of incidence. This corresponds to the small enhancement at small incidence angles observed in avv and oHH, shown in figure 7 for the KU-and C-band frequencies. Thus, the increase of the friction velocity in the swell cases also gives the same trend of smaller increase in backseat ter at small incident angles as seen in the measurements.
In summary, the backscatter measurements at KUand C bands obtained during SWADE were used to study the behavior 4of the backscatter in the presence of large waves.
The experimental observations are : (1) For moderate wind conditions, there was no obvi-ous difference between the backseat ter measurements observed for low and high S WH; (2)
For light winds, however, the backscatter coefficients were significantly enhanced in the presence of large swells; and (3) The enhancement also seemed to increase with incidence angle, especially for the KU-band data. These observations are different from the trends predicted by wave superposition [3] and wave breaking [13] [14] mechanisms. However, an increase of the friction velocity in the presence of swells can lead to results which agree with the experimental observations.
APPENDIX
Al. NUSCAT and C-SCAT Scatterometers
During SWADE, NUSCAT and C-SCAT, the two airborne scatterometers, collected backscatter data. NUSCAT is a KU-band system operating near 14 GHz. The system comprises of an antenna subsystem, an RF subsystem, a data collection subsystem, and a controller as illustrated in figure Ala, The antenna is a parabolic dish with a peak gain of 32 dB and an equivalent beamwidth of 4°. The antenna was placed inside a radome on the tail of the C-130B aircraft (see figure A2) , and was mounted on a gimbal, which was used to rotate it in complete azimuthal scans at selected elevation (incidence) angles. The antenna subsystem is connected through a rotary joint to the RF subsystem, from which The transmitted pulse duration is adjusted with aircraft altitude as an input to maximize the signal-to-noise ratios of the received echoes. Further details of C-SCAT have been reported in [21] .
The internal system calibration for NUSCAT is performed by injecting the transmit signal into the receiver through a calibration loop. The relative calibration accuracy involves the uncertainty in the measurements of transmitted power, receiver gain, the orientation angles of the antenna, the aircraft altitude, the rotary joint loss, the radome loss and the attenuators. The relative calibration accuracy is estimated to be +0.23 dB. The measured radar backscatter accuracy depends on the number of independent samples and the signal-to-noise ratio (SNR). The operating frequency was dithered over 100 MHz to generate additional independent samples (N) which tiectively reduce the statistical fluctuation of the detected power by l/fi. For the observations reported in this paper, IV is between 750 and 5000. It should be noted that the SNR and the accuracy of the noiseonly measurements was high enough that the backscatter power accuracy was primarily determined by the number of independent samples. The absolute accuracy of NUSCAT was subjected to other error sources such as attenuator loss, calibration loop loss, antenna gain, beamwidth, and various losses from the waveguide and the rotary joint, The antenna gain was determined by the three-horn measurement method at the JPL antenna range.
The system stability and absolute accuracy were evaluated by taking data over the ocean surface at 10° incidence angle, where the backscatter is insensitive to surface roughness conditions [19] . These in-flight calibrations were performed at the beginning and the end of each flight line during SWADE. Based on these error is about +1 dB, measurements, our estimated absolute C-SCAT is subject to the same sources of error as NUSCAT, and requires similar calibration measurements. The internal system is calibrated by feeding part of the transmit signal into the receiver through a series of attenuators to calibrate out system fluctuations, which are typically less than 0,1 dB during a flight. Additionally, the C-SCAT system was absolutely calibrated using a trihedraJ corner reflector at the UMass campus and a sphere at Goldstone, California. The relative precision is better than 0.25 dB, and the absolute accuracy is estimated to be within 1 dB [21] , During SWADE, the NUSCAT antenna was stepped in azimuth for 10° once every 4 seconds. NUSCAT collected azimuthal scans of data at various incidence angles, ranging from 0° to 60° in 10° increments. The C-SCAT antenna was rotated at 20 rpm, and the backscatter data were averaged into 5° azimuthal bins. Each rotation collects approximately 30 independent samples in each bin, and the data from at least 2 azimuthal scans were averaged together to obtain a stable average of the normalized radar cross section.
C-SCAT collected azimuthal scans of data at incidence angles ranging from 20° to 50° in 10° increments.
In both the NUSCAT and C-SCAT data, the aircraft speed, altitude, latitude, longitude, yaw, pitch and azimuthal angles were pitch and roll angles.
roll angles were recorded. The actual values of the incidence and calculated from the commanded pointing angles and the aircraft
The variations in the aircraft pitch and roll induced fluctuations in the incidence angles at which the radar data was taken, For the NUSCAT data, the SASS-II model function [10, 11] was chosen to adjust the backscatter values due to the fluctuations in incidence angle, These variations were subtracted from the measured data to obtain values corresponding to the commanded incidence angle. This technique has been shown to be relatively insensitive to the model function chosen for the range of wind speed and incidence angle variations [22] . A similar procedure was applied to the C-SCAT data base, with the fitting function derived from the C-SCAT data base with a harmonic functional form. Figure A4 indicates that the wind at Coastal Buoy 2 and Discus C abruptly shifted about 70° northward at 22:00 and 23:00, respectively. This was the same interval when the wind speed was decreasing rapidly, and these recent light winds had not had time to influence even the higher frequencies (0.32 Hz) of the buoy spectra shown by the dashed lines in panels C and D of figure 5A. These directional wave spectra together with the buoy data provide the basis for the study on backscatter in the presence of swells.
AZ. S WADE Experimental
A.#. Sea Surface Temperature
In the comparison of backscatter for the cases of large wave and light wind conditions (section H. C), there are differences in the sea surface temperature. Hence, the effects of the sea temperature need to be investigated to isolate the effects of the swells.
The difference in sea surface temperature can cause a difference in the viscosity. In turn, the viscosity can effect the roughness of the sea for a given wind speed. Donelan and Pierson [4] indicate that the backscatter increases as the temperature of the sea increases and that this effect can be significant for light winds when the temperature difference is large (O° C to 30° C). However, for the temperature range 14° C to 36° C, wave tank measurements [23] at X band (vertical polarization) showed no observable difference in the backscatter at winds U(19.5) from 5 to 25 m o s-l.
To evaluate the effects of sea temperature on our data, two cases will be considered where all parameters are essentially the same except for the sea temperature. If sea surface temperature plays a dominant role, the backscatter should be higher in the case where the temperature is higher. On 5 March, 1991 and 6 March, 1991 the sea temperature was 18.8°C and 9.O"C, respectively. Table 2 gives a summary of the conditions and figure 6 compares the data, showing backscatter measurements at 30° incidence angle, horizontal polarization during low wave conditions. Open circles represent the data collected for T sea = 18.8° C on 5 March, 1991 and pluses represent data collected for T,e. = 9.o"C on 6 March, 1991. The two low wave backseat ter measurements are approximately the same, even though the sea temperature is different by more than a factor of two. Since all other conditions were basically the same, we conclude that the effects of sea temperature are negligible for these data sets.
Additionally, the air temperature is nearly [2]
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[8] Table 1 Comparisons between high-wave (bold faced) and low-wave cases: Pol and 80
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are antenna polarization and incidence angle in degrees. The apparent wind speed U{ is U~A for high-wave cases (bold faced) or UfjA for low-wave cases. Similarly, the buoy wind 'B for high (bold faced) and low waves, respectively. UfiR is the speed U; is U~~ or UN recovered wind speed. All wind speeds are in m . s-l at 19.5 m. 8U = U~~ -u~A and %E = 100(6 U/U~A) are the difference in m" s-l and the percent age error. H~ is significant wave height in m. T@ir and T~eo are air and sea temperatures in 'C, Table 2 Buoy data corresponding to high (bold face) and low-wave cases for comparisons NUSCAT backscatter coefficients. Wind speeds is U(4) measured at 4m height, significant wave height is Hs, air temperature is Z' ai ~, and sea surface temperature is Tees. Table 3 Buoy data corresponding to high (bold face) and low-wave cases for comparisons C-SCAT backseat ter coefficients. Wind speed U(4) is measured at 4-m height, significant wave height is H~, air temperature is Tair, and sea surface temperature is T~ea, Table 4 Results for U*, measured by the SWATH ship, under light winds in the presence of large waves. T~ir is air temperature, T.ea is sea surface temperature, H. is significant wave height, #Wave is for direction to which waves propagate, U(12.9) is wind speed measured at 12.9-m height, #Wi~d is wind direction, Exp. U* is from the experiment in the presence of swells, and Cal, U* is calculated [14] without swell. Table 5 Results for u., measured by the SWATH ship, under moderate winds in the presence of large waves. Tair is air temperature, T~e. is sea surface temperature, H, is significant wave height, #Wa"~ is for direction to which wave propagates, U( 12.9) is wind speed measured at 12,9-m height, ~Wind is wind direction, Exp. u* is from the experiment in the presence of swells, and Cal. U* is calculated [14] without swell. 
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